Acute renal failure resulting from hypoperfusion and hypoxia is a significant clinical problem. Hypoxia activates the heterodimeric transcription factor hypoxia inducible factor (HIF), leading to changes in gene expression that promote tissue adaptation and survival. To determine whether HIF may protect the kidney from ischemia-reperfusion injury, we subjected hif1a ϩ/Ϫ and hif2a ϩ/Ϫ mice to renal ischemiareperfusion injury. Injury was substantially more severe in hif ϩ/Ϫ than in littermate controls, consistent with a protective role for HIF. Because wild-type mice exhibited submaximal HIF accumulation in response to no-flow ischemia, we tested compounds that might augment the protective HIF response following ischemia-reperfusion in these animals. We found that L-mimosine and dimethyloxalylglycine, two small molecules that activate HIF by inhibiting HIF hydroxylases, protected mouse kidneys from ischemia-reperfusion injury. Therefore, pharmacological activation of HIF may offer an effective strategy to protect the kidney from ischemic injury.
Ischemic injury is a major cause of morbidity and mortality. An important therapeutic aim has been to reduce the damage that occurs to ischemic tissues. A potentially attractive way to achieve this is activating the transcription complex hypoxia-inducible factor-1 (HIF). [1] [2] [3] HIF was originally isolated from studies of an oxygen-responsive enhancer element 3Ј to the erythropoietin (EPO) gene, which increases gene expression in hypoxia. 4 It is now known that HIF can be activated by low oxygen in all mammalian cells and induces widespread changes in gene expression. Many of the genes whose expression is increased by HIF are expected to increase the capacity of a cell or tissue when oxygen supply is reduced. 1, 5 Examples include EPO itself, glucose transporters, glycolytic enzymes, angiogenic growth factors, nitric oxide synthases, and heme oxygenase-1. 4,6 -9 It is therefore plausible that activating HIF may improve the survival of ischemic cells and also promote beneficial adaptive changes such as increased angiogenesis.
The concept is supported by observations that exposure to hypoxia protects tissues, including the heart, brain, and kidney, from subsequent ischemic injury. 10 -12 Recent insights into the functioning of the HIF pathway have provided targets for small molecules that would lead to activation of HIF in the presence of oxygen. HIF is a heterodimeric complex containing an oxygen-regulated ␣ subunit and a constitutive ␤ subunit, both of which are members of multiprotein families. 1, 2 The dominant mode of regulation of the ␣ subunit is through oxygen-dependent destruction. 13 Three genes encode oxygen-responsive HIF-␣ subunits. HIF-1␣ and HIF-2␣ have been extensively characterized and show little redundancy. Their regulation by oxygen is now well understood. Briefly, in the presence of oxygen, specific prolyl residues are hydroxylated by enzyme Prolyl Hydroxylase Domain (PHD)1, 2, or 3, which provides a signal for capture by a specific ubiquitin E3 ligase complex. 14 -16 The recognition component of the E3 ligase complex is the von Hippel Lindau (VHL) tumor suppressor protein, explaining why cells lacking VHL exhibit constitutive HIF activation. 17 HIF-␣ subunits are also inactivated in the presence of oxygen through hydroxylation of an asparaginyl residue by a different enzyme, Factor Inhibiting HIF (FIH)-1, which prevents recruitment of transcriptional co-activators. 18 The HIF hydroxylases, PHD1 through 3 and FIH-1, belong to the superfamily of 2-oxoglutarate (2-OG)-dependent oxygenases, which have a ferrous ion at the active site. 19, 20 The identification of theses enzymes provides potential targets to activate HIF in the presence of oxygen. This is illustrated by the effects of cobalt chloride and iron chelators, which inactivate the hydroxylases. An attractive idea is that strategies to enhance HIF activation in ischemia might be used to protect organs such as the kidney, brain, and heart from injury and thereby ameliorate acute injury. Evidence is accumulating that HIF plays a role in the response of organs to ischemic injury. 21, 22 Support for the idea that enhancing HIF activation could protect from ischemic injury comes from studies using gene transfer. 23 In addition, cobalt, which inter alia decreases HIF hydroxylase activity, has been shown to be protective in several models. 24 -26 The kidney is particularly prone to ischemic injury, which leads to necrosis of tubular epithelial cells and acute renal failure. Using genetic and pharmacologic interventions in mice, we investigated whether manipulating the HIF system can alter the outcome of ischemia-reperfusion injury (IRI).
RESULTS
To determine whether HIF-1 may influence the outcome of renal-ischemia reperfusion injury, we first tested the effect of a genetic reduction in HIF-1␣ or HIF-2␣. We could not use mice with homozygous deficiency for hif1a because these die in utero as a result of placental and cardiovascular developmental abnormalities. 27 Mice that are heterozygous for hif1a do not have major phenotypic abnormalities but have reduced expression of HIF-1␣ and reduced HIF-1 responses. 1 We performed unilateral IRI for 30 min under isoflurane anesthesia in five pairs of hif1a ϩ/Ϫ mice with littermate controls. A global assessment of injury was made by two individuals blinded to the genotype with a forced choice in each pair; in each case, the injury was judged more severe in the hif1a ϩ/Ϫ mouse. A previously validated scoring system was also used to quantify injury, 28 with separate assessment of the number of necrotic tubular cells, the number of tubules exhibiting loss of the brush border, the number of tubular casts, and the number of tubules appearing dilated. In each case, the injury induced by IRI was more severe in the HIF-1␣ knockdown mice compared with the controls (Figure 1 ). For each of these parameters, the extent of injury was significantly more severe in the hif1a ϩ/Ϫ mice than in hif1a ϩ/ϩ littermate controls. Next, for examination of whether there was a differential effect on renal function, five pairs of hif1a ϩ/Ϫ mice and littermate controls were exposed to bilateral renal IRI. Both renal pedicles were clamped for 20 min under general anesthesia. Creatinine values at 72 h were significantly higher in the hif1a ϩ/Ϫ group. Taken together, these experiments demonstrate that HIF-1␣ has a protective effect in IRI of the kidney in mice ( Figure 1 ).
Next, we performed similar experiments in hif2a ϩ/Ϫ mice. As with hif1a ϩ/Ϫ , homozygosity for HIF-2␣ is usually lethal. Animals die with abnormal lung and vascular development. 29, 30 Although with selective breeding some hif2a ϩ/Ϫ animals are viable, they have major hematologic and metabolic defects. 31 Heterozygote animals for hif2a ϩ/Ϫ appear normal. Unilateral renal ischemia for 30 min followed by reperfusion was more severe in hif2a ϩ/Ϫ mice compared with littermate controls (Figure 2) . In bilateral injury, in which both pedicles were clamped for 20 min, creatinine values were significantly higher compared with those of littermate controls ( Figure 2) ; therefore, both HIF-1␣ and HIF-2␣ protect the kidney from IRI.
We next investigated the extent to which HIF is activated in IRI to determine whether this might be increased by inhibition of HIF hydroxylases. Immunohistochemistry for HIF-␣ provides a means of visualizing HIF activation in tissues. We used exposure to carbon monoxide (CO) as a positive control to induce HIF activation in the kidney. CO has a higher affinity for hemoglobin than oxygen and consequently reduces oxygen delivery to the kidney, providing a powerful stimulus for HIF activation. As expected, exposure of mice to 0.1% CO resulted in immunodetectable HIF-1␣ in epithelial cells throughout the normal mouse kidney (Figure 3 ). In kidneys from animals exposed to room air (21% oxygen), no HIF-1␣ subunit accumulation was detected (data not shown). To determine the extent to which acute renal ischemia is able to stimulate HIF-1␣, we exposed C57Bl/6 mice to 30 min of unilateral renal ischemia. Decay of HIF-1␣ protein is very rapid in the presence of oxygen, so animals were killed without reperfusion. HIF-1␣ was detectable in the ischemic mouse kidney ( Figure 3 ) almost exclusively in tubular epithelial cells, particularly at the corticomedullary junction. However, the amount of HIF-1␣ detected in acute ischemia was substantially less compared with that seen in animals exposed to CO, indicating that HIF activation in no-flow renal ischemia is submaximal. For HIF-2␣, after CO exposure, HIF-2␣ subunits were widely detected in interstitial cells ( Figure 3 ) in a similar distribution to that described by Bernhardt et al. 32 Acute ischemia resulted in less HIF-2␣ accumulation, predominantly in cells located at the corticomedullary junction ( Figure 3 ).
Next, we tested a small molecule that has been reported to induce HIF-1 in the kidney in vivo. L-Mimosine is structurally related to 2-OG and is predicted to compete with 2-OG at the catalytic core of PHD enzymes. Previously, it had been reported that L-mimosine can induce HIF in the normal rat kidney. 33 Six hours after administration of L-mimosine, HIF-1␣ was detected throughout the kidney in the normal mouse (Figure 3 ). HIF-2␣ was detected in some interstitial cells, but less expression was detected after L-mimosine treatment compared with CO. In control animals treated with vehicle injection, no HIF-1 or HIF-2␣ subunits were detected (data not shown). We also demonstrated that administration of L-mimosine 6 h before the mice were killed was associated with an increase in expression of several well-characterized HIF target genes by RNase protection assay: Carbonic anhydrase IX, glucose transporter 1, and vascular endothelial growth factor (data not shown). For determination of whether treating a mouse with L-mimosine can augment HIF-␣ accumulation after ischemia, mice were treated with L-mimosine 6 h before undergoing acute renal ischemia for 30 min. HIF-1␣ was detected predominantly at the corticomedullary junction and primarily in distal tubular epithelial cells ( Figure 3 ) and was clearly increased compared with kidneys exposed to ischemia without L-mimosine. For HIF-2␣, increased expression in interstitial cells was also mainly at the corticomedullary junction. Taken together, these experiments show that both HIF-1 and HIF-2 induction is submaximal in acute ischemia and can be increased by administration of L-mimosine before injury.
To determine whether L-mimosine could protect mice from renal ischemia, we gave pairs of mice L-mimosine (600 mg/kg) and vehicle control 6 h before the left renal pedicle was clamped for 30 min. Animals were killed 72 h later. A total of nine pairs of animals underwent surgery. All mice receiving L-mimosine before injury exhibited less injury compared with animals treated with vehicle control on the basis of forcedchoice analysis by two assessors blinded to treatment. Figure 4 , Next, we used a different small molecule, dimethyloxalylglycine (DMOG), which activates HIF in cultured cells. 16 DMOG was given as three doses because this has previously been shown to improve outcome in hind-limb ischemia. 34 Animals received 8 mg of DMOG 48 h before, 6 h before, and 48 h after ischemic injury. Control animals received vehicle. Animals were killed 72 h after renal injury. Injury was attenuated in animals receiving DMOG. Eight pairs of animals were analyzed. In each pair, the animal treated with DMOG exhibited less severe injury compared with the control animal on a forced-choice analysis. Figure 5 shows representative PAS staining from the cortex of mouse kidneys. Quantitative analysis showed that the injury score was significantly reduced in DMOG-treated animals compared with paired controls ( Figure 5 ).
In animals subjected to unilateral renal ischemia reperfusion, biochemical parameters in the blood barely change as the other kidney continues to function. To confirm that activating HIF was associated with improved renal function, we performed a further experiment. Following pilot experiments, we selected a shorter time for clamping the renal pedicles (20 min) to avoid death before 72 h. Four pairs of animals were analyzed, and 72 h after injury, serum urea and creatinine concentrations were assessed and found to be significantly higher in vehicle-treated control animals compared with those treated with L-mimosine (600 mg/kg) administered 6 h before injury ( Figure 6) .
To obtain some insight into the potential mechanisms by which these agents might protect from renal IRI and/or enhanced recovery, we investigated apoptosis, inflammatory cell infiltration, and vascularization in cryostat sections. Apoptosis was assessed using terminal dUTP nick-end labeling (TUNEL). In sections stained for apoptotic bodies, the number of positive nuclei in tubular epithelial cells was significantly lower in sections from the animals receiving L-mimosine or DMOG compared with vehicle-treated controls ( Figure 7A ). TUNEL-positive cells were particularly located at the corticomedullary junction. Macrophage infiltration was determined using CD68 immunostaining. In kidney sections from animals that received L-mimosine or DMOG, significantly less macrophage infiltration was detected compared with control sections 3 d after IRI ( Figure  7B ). Vascularity was assessed using antibody to the endothelial marker endomucin. No difference inthe extent of vascularization was detected 3 d after injury in sections from animals treated with L-mimosine, DMOG, or appropriate vehicle controls 3 d after IRI (data not shown).
DISCUSSION
The main findings of this study are that (1) both HIF-1 and HIF-2 are protective in renal IRI, (2) HIF activation is submaximal in no-flow ischemia, and (3) small molecules that activate HIF offer significant protection. Taken together, these observations support pharmacologic inhibition of HIF hydroxylases as a strategy to protect the kidney from ischemic injury.
Several lines of evidence led us to examine the potential for activating HIF in renal ischemia reperfusion. First, recent advances in understanding regulation of the HIF pathway have provided molecular targets that allow design of small molecules enabling HIF activation. 20 Second, pre-exposure of rats to chronic hypoxia was previously shown to protect from renal IRI. 35 There are more extensive data to show that pre-exposure to hypoxia prevents the heart from subsequent ischemia, and, in mice, this was recently shown to be mediated by HIF. 22 Ischemic preconditioning is extensively documented as a method of protecting organs, including the kidney, from IRI, 10 and it seems plausible that this could be mediated in part via HIF. Third, genetic activation of HIF through biallelic loss of VHL function is a key event in most cases of the most common form of renal carcinoma, suggesting that HIF activation has important consequences for survival and proliferation of renal epithelial cells. 17, 36 Our experiments with mice heterozygous for a defect in either hif1a or hif2a provide direct genetic evidence that both HIF-␣ subunits have protective roles in the kidney in IRI. Notably, during the course of our studies, another group has shown that a different genetic HIF-2␣ knockdown strategy also exacerbates renal IRI. 37 For potentiation of HIF to be therapeutically relevant, an important question is whether activation in no-flow ischemia was maximal. We observed that HIF activation was submaximal compared with CO exposure despite no blood flow to the kidney for 30 min. Although we did not measure the oxygen tension, we presume that it is very low in this setting; therefore, it might be considered surprising that HIF activation was submaximal, but our findings are consistent with previous observations in the rat. 38, 39 Explanations for submaximal activation include the possibility that the HIF response may be reduced by changes in the microenvironment (e.g., cytokines) or that an important permissive signal is absent, such as flow along the tubular lumen or through peritubular capillaries. It is also possible that the in vivo response may be diminished under very severe hypoxia. A recent experimental study of radiocontrast medium combined with cyclooxygenase inhibition and Nitro-L-arginine methyl ester (L-NAME) offers support for the latter possibility, because the most severely hypoxic tubules showed reduced HIF activation. 40 Furthermore, administration of furosemide, which ameliorates renal hypoxia by reducing oxygen demand in the medullary thick ascending limb, 41 was associated not only with protection from injury but also with increased HIF-1␣ expression. Whatever the explanation for the submaximal activation, our data provide direct support for the possibility that pre- The compounds that we used-L-mimosine and DMOGare effective inhibitors of HIF hydroxylases. 16, 33 However, they will have other actions, so it is plausible that the beneficial effect that we demonstrated in renal IRI is not due to activation of HIF. L-Mimosine is an iron chelator, which may be relevant because radicals generated by Fenton chemistry during reperfusion have been implicated in injury. 42 It is likely that both agents will inhibit other members of the superfamily of 2-OGdependent dioxygenases to which the HIF hydroxylases belong. These are a diverse family with important functions, including DNA repair and matrix metabolism. 20 Importantly, in a recent expression analysis of the effect of DMOG in cultured cells, there was very close similarity between effects of the HIF pathway (assessed by genetic manipulation) and those of DMOG. 43 In addition, the similar effects that we observed with structurally distinct molecules, both of which activate HIF, increases the likelihood that these are mediated by the HIF pathway. Further support for an effect mediated by HIF comes from a previous study showing that cobalt which inhibits HIF hydroxylases and activates HIF protects from IRI. 24 In addition, a recently reported study showed that a HIF hydroxylase inhibitor of undisclosed structure, FG-4487, protected the rat from renal IRI and also induced accumulation of both HIF-1␣ and -2␣ subunits. 32 Taken together, these studies provide cogent evidence that activation of HIF before renal ischemia offers substantial protection. Because both HIF-1 and HIF-2 are activated by these compounds and genetic reduction of either predisposes to injury, it is likely that activation of both HIF-1␣ and HIF-2␣ contributes to the protective effect.
HIF operates in all cell types examined to date, is likely to influence directly the expression of more than 100 target genes, and will have further indirect effects. An important implication of this is that the protective effects seen in renal IRI on activating HIF could be mediated by a number of different downstream genes or pathways. Relevant to this, it was recently shown that hypoxia results in extensive changes in gene expression in renal proximal tubular epithelial cells in cell culture, and it is likely that many (but not all) of these changes are mediated by HIF. 44 Prime candidates for mediating the effects that we observed are increased expression of heme oxygenase-1 by renal epithelial cells and EPO by the liver or renal fibroblasts. Both have been shown to be direct target genes of HIF in cell culture experiments and to be expressed in vivo when HIF is activated, and both have been shown previously to protect rodents from renal IRI. However, given the widespread operation of the HIF system and the complex pathophysiology of ischemic acute renal failure, 42 it is likely that a number of effectors are involved in mediating protection. It is also likely that activating HIF will influence the behavior of a wide range of cell types in the kidney and other organs, for example, circulating cells involved in inflammation and repair. 45, 46 Our experiments support activating HIF as a therapeutic strategy in ischemic renal injury. Encouraging is that HIF prolyl hydroxylase enzyme inhibitors seem to be well tolerated in initial studies in humans and are effective in terms of increasing hematocrit. 47 A particularly attractive aspect of activating HIF to protect the kidneys from acute injury, for example, at the time of cardiac surgery, is that it may simultaneously protect other organs, such as the heart and brain, which are vulnerable to hypoxic/ischemic injury.
CONCISE METHODS

Animals
Male C57BL/6 mice aged 6 to 8 wk were supplied from Harlan UK Ltd (Bicester, UK). Both the hif1a and hif2a defective alleles were maintained on a mixed 129sv:Swiss Webster background with normal littermates used as controls. 48 Animals were kept in a specific pathogen-free environment; experiments were performed according to institutional guidelines and with Home Office approval.
Induction of Tissue Hypoxia Using CO
A cylinder of 0.1% CO mixed with air (BOC UK, Manchester, UK) was connected to a modified individually ventilated cage (IVC). Animals were placed in the IVC with bedding material and free access to food and water. The IVC was flushed with the gas mixture before a maintenance input of 1 L/min was supplied. Animals were exposed to CO for either 30 min or 8 h before being killed by cervical dislocation. Both exposures resulted in similar HIF-1␣ and HIF-2␣ stabilization as assessed by immunohistochemistry.
HIF Hydroxylase Inhibitors
Animals were experimented on in pairs, one receiving the active compound and the other receiving vehicle control. Dimethyloxalylglycine (Axxora Ltd, Nottingham, UK) was dissolved in normal saline (16 mg/ ml) and administered by intraperitoneal injection. Animals received three injections of 8 mg at 48 h before, 6 h before, and 48 h after surgery.
L-Mimosine (Sigma, Dorset, UK) was suspended in 0.1 M hydrochloric acid to give a concentration of 30 mg/ml. Mice received 600 mg/kg L-mimosine by oral gavage 6 h before renal IRI surgery.
IRI
Mice were anesthetized with isoflurane (Abbott Laboratories Ltd, Maidenhead, UK). Each pair of animals underwent surgery together, using a twin-headed anesthetic device with two masks. Body temperature was maintained by performing surgery on a heat pad. After midline abdominal incision, the renal pedicles were exposed by blunt dissection, and a microvascular clamp (Fine Science Tools GmbH, Heidelberg, Germany) was applied for the indicated period of time. The kidneys were observed for 1 min after removal of the clamp(s) to assess reperfusion. After reperfusion, 0.8 ml of prewarmed saline was placed in the peritoneal cavity and the abdomen was closed in layers. Mice were killed 72 h later unless otherwise stated. Tissues were fixed by immersion in neutral buffered formalin (Sigma) for 24 h before being transferred to 70% alcohol and processing for paraffin embed-ding. Three-micrometer sections were cut onto Superfrost (BDH Laboratory Supplies, Poole, UK) slides.
Histologic Examination
Formalin-fixed and paraffin-embedded kidney sections were stained with both hematoxylin-eosin and PAS. Histologic changes were mainly evaluated by quantitative measurement of tubular injury 29 by assessment of specific variables in 10 individual high-power fields (magnification ϫ400). A percentage of the area affected was estimated for the number of necrotic cells, loss of brush border, cast formation, and tubule dilation as follows: 0, 0 to 5%; 1, 5 to 10%; 2, 11 to 25%; 3, 26 to 45%; 4, 46 to 75%, and 5, Ͼ76%. The 10 fields analyzed in each section were selected at random. All evaluations were made on coded sections without knowledge of the experimental group to which the mice belonged. Two individuals blinded to the sample identity made histologic assessments of injury.
Immunohistochemistry
Sections were first dewaxed and rehydrated. For HIF-1␣ detection, sections were heated in a pressure cooker for 25 min in target retrieval solution (Dako, Ely, UK). Sections were then incubated with polyclonal rabbit anti-HIF antibodies (HIF-1␣ and HIF-2␣; Novus Biologicals, Littleton, CO) at a 1:10000 dilution for 1 h at room temperature followed by detection with a Catalyzed Signal Amplification kit (Dako), used according to the manufacturer's instructions. Sections were counterstained with hematoxylin, dehydrated, and mounted in DPX.
Macrophage staining was performed on frozen sections using monoclonal rat anti-mouse CD68 antibody (Serotec, Oxford, UK) diluted 1:50. Endogenous peroxidase activity was blocked with a 1% solution of hydrogen peroxide in 50% methanol. Visualization was with peroxidase-conjugated mouse anti-rat antibody diluted 1:200 (Jackson Immunoresearch, West Grove, PA) followed by rat peroxidase anti-peroxidase complexes diluted 1:100 (Jackson Immunoresearch) and diaminobenzidine substrate (Dako). The area labeled was quantified using Image-Pro Plus software. Apoptosis was assessed by TUNEL staining using the In Situ Cell Death Detection kit, POD (Roche Applied Science, East Sussex, UK) following the manufacturer's instructions and quantified by counting the number of apoptotic nuclei in 20 high-power fields in each section. Sections were examined using an Olympus (Watford, UK) BX4 microscope and CoolSnap digital camera (RS Photometrics, Marlow, UK).
Measurement of Biochemical Parameters
Blood samples were collected when animals were killed. Samples were centrifuged to separate plasma. Plasma urea and creatinine concentrations were measured at Department of Chemical Pathology, Hammersmith Hospital. Levels of these compounds were measured using an Olympus AU2700 analyzer (Olympus Diagnostics). Urea was measured by the urease and glutamate dehydrogenase enzymatic method, and creatinine was measured by a kinetic Jaffe method.
Statistical Analyses
All values described in the text and figures are expressed as means Ϯ SEM. Data were analyzed using Mann-Whitney U test for comparisons, and P Ͻ 0.05 was considered statistically significant. Statistical analysis was carried out using GraphPad Prism 4.0 (GraphPad, San Diego, CA).
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